Abstract Human infection with H7 influenza subtypes usually resulted in mild disease with a rare mortalities, however, human infection with the avian low pathogenic H7N9 influenza virus resulted in about 38.6 % human fatality. Due to the new cross-species barrier of this virus subtype, there is an urgent need to better understand the susceptibility to commercially available antivirals and their relation to the structural changes of the viral neuraminidase. Neuraminidases derived from 2013 H7N9, H5N1 and H1N1 were subjected to a structural analysis of their catalytic and framework binding sites. The modeling structure of selected neuraminidases from H7N9 and influenza A subtypes were solved and the docking studies with oseltamivir, zanamivir, laninamivir and peramivir were conducted. The active site residues that are responsible for both binding and cleavage of the terminally linked sialic acid receptors were found conserved. Docking studies with oseltamivir, zanamivir, laninamivir and peramivir revealed that the laninamivir and peramivir showed superior energy binding activities in comparison to the commonly used oseltamivir and zanamivir. The results presented in the current study provide data that are useful for the future treatment of different influenza A subtypes including the recently emerged H7N9.
Introduction
Influenza A viruses belong to the Family Orthomyxoviridae and include viruses that affect humans, birds and different animal species. They are subtyped according to antigenic differences between the two surface glycoproteins haemagglutinin [H1-H18] and neuraminidase [N1-N11] [17, 20, 21] . Crossing of the influenza A viruses from the aquatic birds to other avian or mammalian hosts do occur and the viruses mutate rapidly causing mild or in certain subtypes severe respiratory disease [8] .
Avian influenza viruses (AIVs) continue to constitute challenging threats to public health. H5, H7, and H9 are the common avian influenza viruses that are circulating in domestic poultry, and accidently jump to humans causing mild to serious fatal diseases [1] .The severity of the disease appears to vary with the infecting AIV subtype. H5N1 resulted in more than 57.5 % case fatality, a total of 676 laboratory-confirmed infections, 389 of which were fatal (http://www.who.int/influenza/human_animal_interface/ EN_GIP_20141223CumulativeNumberH5N1cases.pdf?ua=1) [WHO, 4 Dec 2014] . AIV subtype H7 did not result in severe disease in humans [12] , however, the recently record influenza A virus subtype H7N9 resulted in dozens of human cases with a case fatality of about 38.6 % [175/453] (http://www.who.int/influenza/human_animal_interface/ influenza_h7n9/riskassessment_h7n9_2Oct14.pdf?ua=1), providing insight into unexpected virulence of H7 subtype to human beyond the predominant hypothesis of the mild nature of H7 infection to humans.
The viral neuraminidase (NA) is a receptor destroying enzyme that cleaves the terminal linkage of the sialic acid receptor resulting in the release of the progeny viral particles from the infected cells. NA may also facilitate the early processing of influenza virus infection in lung epithelial cells [16] . With the exception of N10, the nine NA subtypes are classified into two groups based on the structure and the phylogenetic analysis. Group 1 NA included N1, N4, N5 and N8, while group 2 included N2-N3, N6-N7 and N9 [18] .The three dimensional structures revealed the variable conformations of areas adjacent to the enzymatic active site between group 1 and group 2 members [18] . NA is an attractive target for the anti-influenza drugs due to its role in virus release from infected cells [4] . Oseltamivir and zanamivir are commercially available NA inhibitors which are active against both group 1 and group 2 NA as well as influenza B NA [3] . Meanwhile, laninamivir is another long-acting NA inhibitor including oseltamivir-resistant viruses in adults [24, 25] . Recently, peramivir has been approved in Japan for use in over 1 month of age [11] .
In the present study, we intended to study the sensitivity of the H7N9 and other influenza A subtypes to different neuraminidase inhibitors and to screen whether there are structural variations in the binding site that may affect the binding forces.
Materials and methods

Multiple sequence analysis
Multiple sequence alignment program, Mega 4.1 [13] was used to align different influenza NA sequences. Selected AIV NA sequences used for the alignments were obtained from the GenBank database. NA deduced amino acid sequences of recent H7N9 human strains were screened and compared them with 501 H1N1 and 164 human H5N1 and other H7N9 strains available in the flu database. The comparison was conducted to screen the amino acid variability in the catalytic and framework catalytic active sites.
Protein structure modeling
Target NA amino acid sequences for protein structure modeling were obtained from the NCBI-flu database. Modeling of each protein sequence was performed after minimizing and equilibration by steric clashes caused by the addition of hydrogen atoms, alleviation of water and ions prior to performing molecular dynamics. Sequence alignments of the target and template proteins were performed. This was followed by three dimensional [3D] structure of the target protein with the molsoft modeling software. In the modeling process, Molsoft moved the main chain and the side-chain atoms of the target protein alternatively in maintaining the conformational space between the model and the template 3D structure, and conducted conformational search close to the native structure in the packing state of the main and side chains. Neuraminidase proteins were modeled as the protein including the low molecular weight compounds.
Molecular docking
All docking studies were performed using 'Internal Coor- 
Results
Multiple sequence analysis
The NA of the recent H7N9 showed 5 amino acid deletions and two unique amino acids at 85 Gly/Ser/Thr to Asn and Thr to Ala at 400 (Suppl. 2). Amino acid residues Glu 276 and Tyr 406 as well as in the Arg tirade [R118, R292, and R371] were found conserved in the H7N9 (Suppl. 2, Table 1 ). Arg 292 to Lys was detected in six H7N9 strains (Table 1) .Val 116 and Ile117 were found in new H7N9 human strains (Suppl. 2).
Protein structure modeling
The N2-Neu5Ac complex of the reference structure: PDB ID code 2BAT, was used as a standard classical model. All the residues in the cataylic and the framework sites of the canonical influenza NAs were found to be conserved in N9 ( Table 1 ). The charged residues' pocket for the sialic acid binding in the influenza A NA were divided into catalytic and framework sites ( Table 1) . The total free energy of binding was higher in the non mutant stain in comparison to mutant one. Meanwhile arginine at 152 residue binds with the sialic acid N-acetyl group with a hydrogen bond. On the other hand, glutamic acid residues at 119, 227, 276, and 277 form a negatively charged ''platform'' region located below the binding residues to sialic acid. Arg to Lys 292 mutant showed lower receptor affinity and altered pattern of amino acid binding affinity to Neu5Ac receptor and the binding free energy was higher in the non mutant strain in comparison to the mutant strain (Fig. 1) .
Virtual studying of the binding activity of N9 with ostlemaivir showed the lowest docking score energy binding among the tested drugs while peramivir and laninamivir showed the highest docking score energy binding ( Table 2 , (Fig. 2) . The number of amino acids that shared in the drug binding activity was the lowest compared to sensitive and resistant group 1 strains and the docking score energy binding was lower than that of the H5N1 and H1N1 susceptible strains (Table 2) . Laninamivir H7N9 -107.12 13 R118, E119, D151, R152(2), W178(2), E277(2), R292(2), R371 (2) H7N9-R292K -100.10 12 R118, E119, D151, R152, W178(2), E227, K292(4), R371 H5N1 -111.83 13 R118, D151(2), R152, W178(2), E277(2), R292(2), Y347, R371, Y406
H5N1-N294S -99.65 13 R118(2), R152, R156(2), W178(2), E227, E277(2), R292(2), R371
H1N1-H274Y -106.46 11 R118, D151(2), R152, W178(2), E276, R292(3), R371 pH1N1 -111.13 11 R118, D151(2), R152, W178(2), E277, R292(2), R371 (2) pH1N1-H274Y -111.49 12 R118, D151(2), R152(2), W178(2), E277, R292 (2) 
Discussion
Investigation of the NA active site architecture of N9 for both binding and hydrolyzing capacities to the sialidase substrate was conducted. Amino acid residues at 276 and 406 were found conserved in the H7N9. Glu 276 residue was assumed to interact with Tyr 406 thus playing a critical role in the catalytic mechanism [22] . The conserved key catalytic residues supported the finding that N9 possesses a canonical sialidase and revealed an efficient sialic acid-binding capability of N9. [6, 10, 14, 16] . Arg 292 to Lys was first recorded in the novel H7N9 strain by Gao et al. [5] then six full length sequences were found to harbour the same mutation. In the current study, it resulted in lower receptor affinity and altered pattern of amino acid binding affinity to Neu5Ac receptor. The same mutation was found to confer both in vitro and in vivo resistance to NA inhibitors [7, 16] . However, the effect of such substitution on the structure around it might be minimal [26] . On the other hand, the substitution at Arg to Lys at 292 was found to be compensated as oseltamivir bind with hydrogen bond from Tyr 344 of N1 of H5N1 viruses [18] . The conservation of the catalytic active sites could lead to the conserved interactions essential for the recognition of the sialidase substrate. It is apt to mention that, the proposed key nucleophilic residue; Y406 was found to be conserved among H7N9 strains. Virtual studying of the binding activity of N9 with ostlemaivir showed the lowest docking score energy binding among the tested drugs while peramivir and laninamivir showed the highest docking score energy binding. This finding was supported with a recent study proved that the peramivir treatment possessed the rapid fever alleviation [19] . However, no considerable difference was found in the fever reduction time with oseltamivir, zanamivir, and laninamivir. Interestingly, none of the tested strains in that study showed His 275 to Tyr mutation [19] . Although still effective, both oseltamivir and zanamivir showed lower activities in reducing the duration of illness in children with influenza [23] . Interestingly, Arg 292 to Lys mutation resulted in lowered-drugsensitivity to both laninamivir and peramivir but not oseltamivir or zanamivir. Although not present in the new H7N9 human strains, Arg 152 to Lys mutation was the only reported instance of clinical resistance to zanamivir in influenza B [16, 6] . Furthermore, Val 116 to Ala and Ile 117 to Val mutations were not found in the new H7N9 human strains. Such substations were found to decrease the sensitivity to zanamivir and/or oseltamivir to H5N1 isolates [9, 15] .
In conclusion, the structural analysis of the novel N9 did not alter its functional activity as a canonical sialidase. Due to significantly stable key active site residues and favourable surface electrostatic potential, N9 was able to bind to sialic acid. It is assumed that the N9 influenza virus fits very well with the human receptor. The good legendreceptor fitting helps in rapid virus release from the infected cells and shortening the virus replication cycles with subsequent positive impact on the virus virulence. The currently available influenza NA inhibitors are likely to be effective against the newly emerged H7N9 strains with oseltamivir showed the lowest activity and peramivir and laninamivir showed the highest activities.
